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Introduction {#sec001}
============

Poultry is one of the most important meat resources all over the world. In order to promote the growth of poultry, a large number of antimicrobials had been used to prevent and treat diseases when raising poultry flocks\[[@pone.0222413.ref001]\]. It was well-known that the overuse of antibiotics can cause the emergence of antimicrobial resistant pathogens, which lead to the failure of treatment as well as be the resource of resistant bacteria/ genes that may threaten human health\[[@pone.0222413.ref002]\].

Avian pathogenic *Escherichia coli* (APEC), a common bacterium that is the principal cause of morbidity and mortality in poultry\[[@pone.0222413.ref003]\], and the antimicrobial resistance of APEC keeps increasing in recent years for higher incidence of resistant APEC microorganisms and higher MICs (Minimum Inhibitory Concentrations). Amoxicillin has been used in APEC infection as an effective treatment, however, the incidence of amoxicillin resistant of APEC strains reached up to 74--100% among 83 diseased chickens in Jordan\[[@pone.0222413.ref004]\], Brazil\[[@pone.0222413.ref005]\] and Thailand \[[@pone.0222413.ref006]\]from 1999 to 2014. Therefore, new effective therapeutic options for treatment of APEC infections are urgently needed. The use of antimicrobial adjuvants is an attractive strategy to address the issue of antimicrobial resistance\[[@pone.0222413.ref007]\]. The adjuvants may not have significant antibiotic activity itself during treatment, however, would improve the biologic activity of antibiotics when used in the combination\[[@pone.0222413.ref008]\].

In the research, we take advantage of the characteristic of surfactin as antimicrobial adjuvants. Surfactin is a cyclic lipopeptide biosurfactant, which is the potential replacement for synthetic surfactants in food, biomedical and pharmaceutical industry\[[@pone.0222413.ref009]\]. The amphiphilic nature of surfactin allows its easy incorporation nano-formulations, such as polymeric nanoparticles, micelles, microemulsions, liposomes\[[@pone.0222413.ref010]\]. The properties of nano-formulations offers surfactin as an agent to improve antimicrobial ability\[[@pone.0222413.ref011]\].

We demonstrated the bactericidal effect of surfactin and amoxicillin by minimum inhibitory concentrations (MIC) and fractional inhibitory concentration (FIC) assays *in vitro*, and the prognosis of chicks that challenged with APEC after treatment are shown by mortality rate, histopathological changes and bacterial loads. In additional, we also checked the expression levels of inflammation related cytokines at the end of experiment to evaluate the animals' health condition. These results highlight the potential of surfactin as a novel antimicrobial adjuvant to handle infections.

Materials and methods {#sec002}
=====================

Bacterial strains {#sec003}
-----------------

Avian pathogenic *Escherichia coli* (APEC) O78 strain was obtained from the preservation of Haid institute at Guangdong province, China, and the strain was prepared in LB medium. Surfactin was purchased from Department of Chemistry, Zhejiang Univ, China.

Minimum inhibitory concentrations (MIC) of surfactin and amoxicillin {#sec004}
--------------------------------------------------------------------

The MIC of surfactin /amoxicillin was determined by broth microdilution method in 96-well microtiter plate\[[@pone.0222413.ref012]\]. Prior to commence two-fold serial dilutions of surfactin/ amoxicillin in the MH media, surfactin and amoxicillin were dissolved in distilled water at 1000 μg/ml and 2000 μg/ml, respectively. After adding the *E*. *coli* (1×10^6^ colony forming units \[CFU\]/mL) into each well with surfactin/ amoxicillin at two-fold serial dilutions in same volume, the mixture was incubated at 37°C for 24 h. The MIC was recorded when the lowest concentration of surfactin inhibited the growth of test bacterial (optically clear). The controls were prepared using MH and APEC O78 strain, respectively.

Synergistic effects of surfactin on *E*.*coli* {#sec005}
----------------------------------------------

The antibacterial effects of surfactin in combination with amoxicillin was assessed using the checkerboard test\[[@pone.0222413.ref013]\]. Fractional inhibitory concentration (FIC) index were calculated using the following formula: FIC = (MIC drug A in combination/MIC drug A alone) + (MIC drug B in combination/MIC drug B alone). Briefly, surfactin was serially diluted in MH and each dilution (50 μl) was added into 96-well plate. Prior to adding bacteria to the wells, amoxicillin was serially diluted and 50 μl was dispensed in each well. Then, an overnight culture of APEC O78 strain was adjusted to 1×10^6^ CFU/mL, and 100 μl of them were added to each well. After 16 h of incubation at 37°C, the FIC was recorded same as MIC described above.

FIC index is indicated as synergy at values of less than 0.5, partial synergy at values greater than 0.5 and less than 1, an additive effect for values of 1, indifferent effect for values greater than 1 and less than 4, and an antagonistic effect for values of 4.0 or greater\[[@pone.0222413.ref014]\].

Animal experiment {#sec006}
-----------------

Chicks and the procedures used for this study were following a standard protocol reviewed and approved by Institutional Animal Care and Use Committee of Jilin University (approval no JLU-20150226), following the strict compliance with requirements of the Animal Ethics Procedures and Guidelines of People's Republic of China. 105 1-day-old partridge chicks (Foshan Xinguangmu Agriculture and Animal Husbandry Co., Ltd, Guangdong, China) inoculated with Marek's disease vaccine were randomly assigned into 7 groups (15 chicks/group) as shown in [Table 1](#pone.0222413.t001){ref-type="table"}. All birds were fed with antibiotic free feed during the experiment. At day-5, All groups except the control were challenged with 0.2 ml of 3×10^8^ CFU APEC O78 strain through the subcutaneous injection of neck. And the amount of injection was based on the body weight of chicken at experiment day 5. All chickens from group 1 to 5 except group 6 were treated three times a day during 6 days' treatment period after *E*.*coli* challenge. Surfactin and amoxicillin were given orally after dissolved in water. The duration of the experiment was 9 days, all chicks had free access to food and water and were kept in a temperature-controlled room (32±0.5°C). In order to reduce the chicks suffering, the chicks' clinical symptom was used to determine when chicks should be euthanized by cervical vertebra dislocation, such as: hunched, lethargic, reluctant moving and dyspneic, during the 6 days' treatment period after *E*.*coli* challenge and prognosis period (3 days after treatment period). The Mortality and clinicopathological changes were recorded 3 times every day after inoculation for shorten the time of chicks suffering furtherly. In addition, pathological changes were recorded using colibacillosis lesions method as described previously \[[@pone.0222413.ref015]\]in air sac, lung, liver and pericardium in [Table 2](#pone.0222413.t002){ref-type="table"}, and clinical signs of chicks were monitored as the description of Andreas\[[@pone.0222413.ref016]\]. After prognosis period, all the chicks were weighed and euthanized and directly submitted to post mortem analysis.

10.1371/journal.pone.0222413.t001

###### Overview of experiment groups.

![](pone.0222413.t001){#pone.0222413.t001g}

  Group   Treatment                   Daily dose/g bodyweight, 3 times per day
  ------- --------------------------- -----------------------------------------------------------------------------------
  1       Amoxicillin                 0.02 mg/g[^1^](#t001fn001){ref-type="table-fn"}
  2       Amoxicillin                 0.01 mg/g[^1^](#t001fn001){ref-type="table-fn"}
  3       Amoxicillin and surfactin   0.01 mg/g amoxicillin[^1^](#t001fn001){ref-type="table-fn"} + 0.01 mg/g surfactin
  4       Amoxicillin and surfactin   0.005 mg/g amoxicillin[^1^](#t001fn001){ref-type="table-fn"} + 0.005 mg/surfactin
  5       Surfactin                   0.01 mg/g
  6       Positive control            none
  7       No challenged               none

^1^Corresponding to 20 mg Amoxicillin/kg bodyweight.

10.1371/journal.pone.0222413.t002

###### Colibacillosis lesion scoring.

![](pone.0222413.t002){#pone.0222413.t002g}

  Tissue        Score                                                           Lesions
  ------------- --------------------------------------------------------------- ------------
  Air sac       0                                                               No lesions
  1             Mild cloudiness and/or pinhead-size foci of fibrinous exudate   
  2             Very cloudy and/or widespread presence of fibrinous exudate     
  liver         0                                                               No lesions
  1             Small amount of fibrinous exudate over hepatic surface          
  2             Large amount of fibrinous exudate over hepatic surface          
  pericardium   0                                                               No lesions
  1             Small amount of fibrinous exudate over pericardium surface      
  2             large amount of fibrinous exudate over pericardium surface      

Histopathology {#sec007}
--------------

After prognosis period (3 days after treatment period), organs including liver, lung, spleen, thymus, bursa of fabricius and small intestine from chicks of per group were collected and fixed with 4% paraformaldehyde. The fixed tissues were processed routinely for histopathological examination following the standard method\[[@pone.0222413.ref017]\].

Bacterial load in liver {#sec008}
-----------------------

The right side of liver from all the chicks in this experiment were dissected and ground, and the particles were serially diluted in PBS. And 100 μl of each dilution was inoculated on Maconkey agar APEC selective plates. After 16 hours incubation at 37°C, the amount of CFU/g tissue was determined by counting the bacterial colonies.

Cytokine expression analysis by relative real time Q-RT-PCR {#sec009}
-----------------------------------------------------------

The total RNA of liver sample from euthanized chicks after prognosis period was extracted using TRIZOL reagent (Invitrogen, USA), and cDNA was synthesized using random primers. The primers of inflammatory cytokine IL-1β, TNF-α, IL-10 and IL-13 were designed as shown in [Table 3](#pone.0222413.t003){ref-type="table"}. Each real-time PCR reaction (10μl volume) contained 5 μl SYBR Green real-time PCR master mix (TAKARA), 0.25 μM gene-specific primers, and 1μl standardized template cDNA. Amplification conditions included as follows: 95°C for 10 min, followed by 39 cycles of 95°C for 15 s, 60°C for 1 min. Each relative expression was calculated as the ratio of inflammatory cytokine to the GAPDH gene using 2^-ΔΔCT^ method.

10.1371/journal.pone.0222413.t003

###### The primer of chicks' cytokine.

![](pone.0222413.t003){#pone.0222413.t003g}

  ----------------------------------------------------------------------------------------
  RNA target   Primer sequences (5\'-3\')      Size for PCR product (bp)   Accession no.
  ------------ ------------------------------- --------------------------- ---------------
  IL-1β        `F: GGGACTTTGCTGACAGCGACCTG`\   128                         Y15006
               `R: GTCGAAGGACTGTGAGCGGGTGT`                                

  TNF-α        `F: GCCCTTCCTGTAACCAGATG`\      71                          HQ739087
               `R: ACACGACAGCCAAGTCAACG`                                   

  IL-10        `F: CGGGAGCTGAGGGTGAA`\         272                         AJ621614
               `R: GTGAAGAAGCGGTGACAGC`                                    

  1L-13        `F: CCAGGGCATCCAGAAGC`\         256                         AJ621735
               `R: CAGTGCCGGCAAGAAGTT`                                     

  GAPDH        `F: gagaaaccagccaagtatgatga`\   180                         K01458
               `R: cttgacgaaatggtcattcagt`                                 
  ----------------------------------------------------------------------------------------

Statistical analysis {#sec010}
--------------------

Data were expressed as the mean ± standard deviation (SD). Differences between groups were analyzed by ANOVA using SPSS. The differences were considered significant at P\<0.05.

Results {#sec011}
=======

Synergy assessment *in vitro* {#sec012}
-----------------------------

For APEC O78 strain, the MIC of amoxicillin and surfactin were 1000 ug/ml and \>1mg/ml, respectively. The FIC index between amoxicillin and surfactin was 4\>FICI\>1, as an indifferent effect *in vitro*.

Mortality and clinicopathological changes {#sec013}
-----------------------------------------

After inoculation of *E*.*coli*, the chicks were observed every 8 h until the end of the experiment. Chicks in the control group remained healthy throughout the experiment period without any clinical signs. The mortality of chicks in each group was shown in [Fig 1](#pone.0222413.g001){ref-type="fig"} at first nine days. It showed different mortality in acute dead period after day 1 following *E*.*coli* challenge, and a severe depression in all groups in this period except the blank group. All chicks displayed abnormal avian behavior, including hunched, lethargic, reluctant moving and dyspneic. With the ongoing of treatment, the status of chicks from group 3 to 5 improved slightly. Comparing the mortality between group 1 and 3, it showed that surfactin in combination with amoxicillin significantly decreased the mortality from 87% to 20%, and reducing the dosage of amoxicillin. Interestingly, it could be seen from the data in [Fig 1](#pone.0222413.g001){ref-type="fig"} that there was no death in group 3 at prognosis period, and the mortality of group 3 was the lowest among the experiment groups.

![The mortality of dead chicks and euthanized chicks during the experiment.\
In 1 day post inoculation, called acute dead period, the mortality of group 6 is 42% as the highest, and mortality in the group 3 is 17% as the lowest. In the 2--6 days post inoculation, called chronic dead period, the mortality of group4 is higher than other groups, and the data of group 3 is the lowest. In the 7--9 days, called prognosis period, the mortality of group 1 is higher than others, and there is no dead chicks' appearance in group 3.](pone.0222413.g001){#pone.0222413.g001}

In order to furtherly evaluate the effects of amoxicillin and surfactin, the deceased chicks in the experiment were necropsied. There were no significant pathological changes of APEC infection in all groups at the acute death period, however, there were significant APEC infection pathological changes in the chronic death period and prognosis period except the unmedicated control group, such as aspericarditis, perihepatitis and airsacculitis. After acute death period, the colibacillosis lesion scores of dead chicks were recorded as shown in [Fig 2](#pone.0222413.g002){ref-type="fig"}. Comparing the colibacillosis lesion scores among all treatment groups, the score of group 3 was lower than other groups (P\<0.05).

![Score of pathology lesion following dead chicks and euthanized chicks after acute dead period.\
Significant difference between group 3 and other groups is found. Groups with different letters are significantly different (P \< 0.05).](pone.0222413.g002){#pone.0222413.g002}

Bacterial load in liver {#sec014}
-----------------------

APEC loads in the liver of dead and euthanized chicks was measured after the prognosis, and the result was shown in [Fig 3](#pone.0222413.g003){ref-type="fig"}. The bacterial loads of chicks showed that the obvious APEC infection pathological changes score was different, and the data from group 3 was significantly lower than positive control and group 5 (P\<0.05).

![Bacterial load of dead chicks and euthanized chicks' liver during the experiment.\
During the experiment, Significant difference of liver bacterial load between group3 and other groups is observed. The groups with different letters are significantly different (P \< 0.05).](pone.0222413.g003){#pone.0222413.g003}

Histopathology {#sec015}
--------------

Firstly, the chicks died in day-1 post-infection showed some significant clinicopathological but no histopathological changes. After the prognosis period, there was no lesions of chicks in blank group and all organs were observed as normal according to their size, shape and consistency. After acute death period, the histopathology changes of dead chicks and the euthanized chicks from all groups showed the similar results that there were no significant histopathology findings in the chicks, which did not show clinicopathological changes ([Fig 4](#pone.0222413.g004){ref-type="fig"}).

![The histopathology changes of chicks.\
After acute dead period, the histopathology changes of the dead and euthanized chicks which observed clinicopathological changes from all groups showed the similar results. A. Liver from no clinicopathological changes chicks randomly. No lesion. B. Liver from presenting clinicopathological changes chick randomly. Cell swelling, steatosis, moderate to severe inflammatory cell infiltration were observed. C. Lung from no clinicopathological changes chicks randomly. No significant lesion. D. Lung from presenting clinicopathological changes chick randomly. Lymphoid infiltration, cellulose abounding in the alveolar cavity and slightly congestion. E. Bursa fabricius from no clinicopathological changes chicks randomly. No significant lesion. F. Bursa fabricius from presenting clinicopathological changes chick randomly. Unclear the tissue boundary, exfoliation of mucosal epithelium and [interstitial connective tissue](https://www.baidu.com/link?url=Vy-6JWDxw_UegejIyk6mn3aLIwKY9gFIN5fa09jA4jfxz6XswyZtXTjZ3dHLwCxVL6ZzetZYNmXnugTXFnLO_D0olFa1IyC4Y5GFvdLUT5wwmPUebA2ptrouCJc5f5FTar5RGnqJRL7282N-NeCX3q&wd=&eqid=e7a28db800013d8a000000065c36b0d8) proliferation. G. Thymus from no clinicopathological changes chicks randomly. No significant lesion. H. Thymus from presenting clinicopathological changes chick randomly. Unclear the tissue boundary, moderate and severe congestion I. Spleen from no clinicopathological changes chicks randomly. No significant lesion. J. Spleen from symptomatic chick randomly. Unclear the tissue boundary, mild and moderate congestion, a large number of blood red cells were found in splenic sinusoid. K. Small intestine from no clinicopathological changes chicks randomly. No significant lesion. L. Small intestine from presenting clinicopathological changes chick randomly. Intestinal mucosal edema and mild and moderate intestinal villi shedding.](pone.0222413.g004){#pone.0222413.g004}

From all groups except blank group, there were histopathological changes including moderate to severe lymphoid infiltration, swelling and steatosis in liver. Furthermore, histopathology changes of the lung included mild and moderate lymphoid infiltration, cellulose abounding in the alveolar cavity and slightly congestion in all above groups. In addition, there were unclear boundary of spleen, bursa fabricius and thymus, and the exfoliation of mucosal epithelium and [interstitial connective tissue](https://www.baidu.com/link?url=Vy-6JWDxw_UegejIyk6mn3aLIwKY9gFIN5fa09jA4jfxz6XswyZtXTjZ3dHLwCxVL6ZzetZYNmXnugTXFnLO_D0olFa1IyC4Y5GFvdLUT5wwmPUebA2ptrouCJc5f5FTar5RGnqJRL7282N-NeCX3q&wd=&eqid=e7a28db800013d8a000000065c36b0d8) proliferation of bursa fabricius were observed in the part of these groups. There were significant change with moderate congestion in thymus and spleen. In the histopathological changes of small intestine, there were mainly changes including intestinal mucosal edema and mild and moderate intestinal villi shedding. The histopathology findings were consistent with clinicopathological changes.

Relative expression of inflammatory Cytokine {#sec016}
--------------------------------------------

The liver mRNA expression of IL-1β and TNF-α were illustrated in [Fig 5A & 5B](#pone.0222413.g005){ref-type="fig"}, respectively. Compared with blank group, there was no significant changes in the IL-1β and TNF-α mRNA expression levels after prognosis in the treatment groups. Notably, there were significantly lower IL-1β and TNF-α mRNA expression in treatment groups than blank group (P\<0.05).

![Pro-inflammatory cytokines and anti-inflammatory cytokines mRNA levels of chicks from all groups after the prognosis period.\
The pro-inflammatory cytokines are shown in yellow color, and the anti-inflammatory cytokines are shown in blue color. The groups with different letters are significantly different (P \< 0.05).](pone.0222413.g005){#pone.0222413.g005}

The liver mRNA expression of IL-10 and IL-13 were illustrated in [Fig 5C & 5D](#pone.0222413.g005){ref-type="fig"}, respectively. There were no significant differences in IL-10 and IL-13 mRNA expression after prognosis in any treatment groups compared with the blank group (P\>0.05).

Discussion {#sec017}
==========

In this study, in order to assess the synergy functions of surfactin and amoxicillin on APEC infection, we evaluated the results of mortality, histopathology, liver bacterial loads and the relative expression of inflammatory cytokines. The mortality confirmed that surfactin can help amoxicillin to handle the APEC infection. In the meantime, as prognosis evaluating indices, histopathology, liver bacterial load and relative expression of inflammatory cytokine could furtherly confirm the effects of surfactin and amoxicillin. According to the results of these assays, the proportion of animals with good prognosis of each group from group 1 to 7 was 13%, 0, 33%, 0, 20%, 0 and 100%, respectively.

In this study, there was a significant difference between susceptibility tests *in vitro* and animal trials on treatment of APEC infection. The activity of surfactin as enhancer had been confirmed. First of all, surfactant component could decrease the inflammatory affect and lessen the histopathological changes. Compared with blank group, the pro-inflammatory cytokine IL-1β and TNF-α expression levels from other groups were similar, the results demonstrate that the infection of APEC changed from acute period to prognosis. The anti-inflammatory cytokine IL-10 and IL-13 expression levels in all treated groups showed no significant difference from the blank group, indicating that the infection may be controlled. In addition, compared the lesion score and histopathological changes with positive control and other groups, lesion scores in group 3 and 5 were lower than others, and presented relatively mild histopathological changes. All results demonstrated that surfactin have ability to lessen the damage of the chicks significantly as the function of helper for the property of surfactant proteins that agglutinating the bacterial\[[@pone.0222413.ref018]\], preventing bacterial dissemination, enhancing the pathogen uptake by phagocyte \[[@pone.0222413.ref018]\] and modifying immune response\[[@pone.0222413.ref019], [@pone.0222413.ref020]\].

Secondly, the amoxicillin belongs to β-lactams antibiotics which could destroy bacterial cell wall, and the surfactant component could increase the permeability of the cell membrane\[[@pone.0222413.ref021]\], the combination of amoxicillin and surfactin could facilitate the approach of amoxicillin to cell wall.

Thirdly, surfactant component was synthesized by alveolar type cell II\[[@pone.0222413.ref022]\] and had many properties as the above described. Furthermore, lung is the first colony site during the APEC infection progress in nature and the bacterial could down- regulate the expression of surfactant proteins during the pathogen infection\[[@pone.0222413.ref023]--[@pone.0222413.ref025]\]. As studies shown that mice deficient in surfactant proteins exhibit impaired clearance against various pathogen infections, including *group B Streptococcus*\[[@pone.0222413.ref026], [@pone.0222413.ref027]\], *Pseudomonas aeruginosa* \[[@pone.0222413.ref028]\], and *respiratory syncytial virus* \[[@pone.0222413.ref029]\]. Therefore, the supplement of surfactant component against APEC infection is potential effective treatment.

The amount of *E*.*coli* in the air of broiler house is about 10^5^−10^6^/g \[[@pone.0222413.ref030]\], and the research of Jeffrey suggested that the prevalence of pathogenic *E*. *coli* in the broiler house was independent of the prevalence of other commensal or environmental *E*. *coli* \[[@pone.0222413.ref031]\]. Compared with that the amount, there was 3x10^8^ CFU/ml directly infected issue as a serve experiment condition in this study. According to the results, surfactin as an enhancer could increase the survival rate under the huge amount APEC attack. Hence, the treatment may be performed better in regular infection progress of APEC.

In summary, we presented the novel antimicrobial adjuvant that effectively worked in combination with existing antimicrobial therapies against AEPC both in *vitro* and in *vivo*. Further studies are needed to uncover the molecular mechanisms of antibiotic sensitization induced by surfactin, and better develop surfactin as an antibiotic resistance adjuvant agent for other infection.
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